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A w a t e r  r e c y c l i n g  s y s t e m  c o n c e p t  f o r  t h e  crew o f  t h e  s p a c e  
s t a t i o n  i s  p r e s e n t e d .  A t h e r m o p e r v a p o r a t i o n  m e t h o d  i s  a new k e y  
t e c h n o l o g y  u s e d  f o r  t h e  d i s t i l l a t i o n  p r o c e s s ,  u t i l i z i n g  a  h y d r o -  
p h o b i c  m e m b r a n e .  An e x p e r i m e n t a l  s t u d y  o f  t h e r r n o p e r v a p o r a t i o n  
r e v e a l e d  t h a t  t h e  p e r m e a t i o n  d e p e n d s  o n  t h e  g a p  b e t w e e n  t h e  
m e m b r a n e  a n d  t h e  c o o l i n g  s u r f a c e  i n  t h e  c o n d e n s a t i o n  r o o m :  t h e  
s t e a m  d i f f u s i o n  o c c u r s  w i t h  g a p s  l e s s  t h a n  5 m m  w h i l e  n a t u r a l  
c o n v e c t i o n  b e c o m e s  d o m i n a n t  w i t h  g a p s  m o r e  t h a n  5 rnm . A b r i e f  
d i s c u s s i o n  o f  t h e  s y s t e m  o p e r a t i o n  i s  a l s o  d e s c r i b e d .  
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1. INTRODUCTION 
T h e  m a n n e d  s p a c e  s t a t i o n  w i l l  n e e d  m u c h  v a t e r  f o r  t h e  c r e v  
a c t i v i t i e s  a n d  e x p e r i m e n t s  s u c h  a s  t h o s e  c o n c e r n i n g  l i f e  s c i e n c e .  
T h e  c o s t  f o r  t r a n s p o r t a t i o n  o f  c l e a n  v a t e r  a n d  w a s t e  v a t e r  
i n c l u d i n g  u r i n e  i s  v e r y  e x p e n s i v e .  F o r  e x a m p l e ,  o n e  c r e v  w i l l  u s e  
a b o u t  11 t o n s  of  w a t e r  a  y e a r  ( 3 0  Q a d a y ) ,  w h i c h  v i l l  c o s t  a b o u t  
9 0  m i l l i o n  d o l l a r s  j u s t  f o r  t h e  t r a n s p o r t a t i o n  o f  c l e a n  v a t e r  
f r o m  t h e  g r o u n d  t o  t h e  s p a c e  s t a t i o n .  T h e  i n t r o d u c t i o n  o f  t h e  
v a t e r  r e c y c l i n g  s y s t e m  f o r  p u r i f i c a t i o n  o f  u r i n e  a n d  w a s t e  v a t e r  
v i l l  r e d u c e  t h e  o p e r a t i o n  c o s t s  o f  t h e  s p a c e  s t a t i o n  a n d  
e x p e r i m e n t s  c o n d u c t e d  i n  i t ,  a c c o r d i n g l y .  
T h e  E a r t h ' s  n a t u r a l  r e c y c l i n g  s y s t e m  i s  b a s e d  o n  t h e  n a t u r a l  
b a l a n c e  o f  t h e  b i o s p h e r e  c i r c u l a t i o n  s y s t e m .  T h e  b i o s p h e r e  
a c t i v i t y  d e p e n d s  o n  t h e  u t i l i z a t i o n  o f  s o l a r  e n e r g y  f o r  t h e  
c i r c u l a t i o n  o f  a i r  a n d  v a t e r .  I n  t h i s  c i r c u l a t i o n ,  w a t e r  p l a y s  
s e v e r a l  i m p o r t a n t  r o l e s :  m a t e r i a l  r e s e r v o i r  a n d  t r a n s p o r t a t i o n  i n  
s t a t e  o f  s o l u t i o n  o r  m i x t u r e ;  t e m p e r a t u r e  c o n t r o l  b y  e v a p o r a t i o n  
a n d  c o n d e n s a t i o n ;  e n v i r o n m e n t a l  c o n s t i t u e n t s  i n  a  m o i s t u r e  o r  a  
l i q u i d  s t a t e .  W a t e r  t a k e s  p a r t  i n  e v e r y  m a t e r i a l  p r o c e s s  o n  e a r t h .  
T h e  e n o r m o u s  i n d u s t r i a l  p r o g r e s s  a n d  t h e  p o p u l a t i o n  e x p l o s i o n  
s i n c e  e n t e r i n g  t h i s  c e n t u r y  h a v e  r e v e a l e d  t h a t  t h e  b a l a n c e  of t h e  
b i o s p h e r e  c i r c u l a t i o n  s y s t e m  i s  s e n s i t i v e  a n d  d e l i c a t e  a g a i n s t  
e x t e r n a l  s t i m u l a n t s :  t h e  i n d u s t r i a l  p r o d u c t s  e x h a u s t  l a r g e  a m o u n t  
o f  w a s t e  m a t e r i a l  a s  b y - p r o d u c t s  w i t h  e x t r e m e l y  u n n a t u r a l  c o n s t i t -  
u e n t s ,  d e s t r o y i n g  t h e  m a t e r i a l  b a l a n c e  i n  t h e  l o c a l  g r o u n d  a r e a ;  
t h e  e n v i r o n m e n t  h a s ,  a l s o ,  b e e n  d e s t r o y e d  by t h e  i n t r o d u c t i o n  o f  
r o a d s  i n  f i e l d s  a n d  m o u n t a i n s ,  by t h e  u s e  o f  a g r i c u l t u r a l  c h e m i -  
c a l s  a n d  c h e m i c a l  f e r t i l i z e r  i n  f a r m i n g ,  a n d  by i n d i s c r i m i n a t e  
d e f o r e s t a t i o n ,  c a u s i n g  a n  i n c r e a s e  i n  d e s e r t  a r e a s .  W a t e r  h a s  a l s o  
I b e e n  i n v o l v e d  i n  t h e  e x p a n s i o n  o f  s u c h  e n v i r o n m e n t a l  d i s r u p t i o n .  
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The movement t o  r e c o v e r  a  h e a l t h y  g l o b a l  e n v i r o n m e n t  h a s  a c c e l e r -  
a t e d  t h e  d e v e l o p m e n t  a n d  m a n u f a c t u r i n g  o f  r e c y c l i n g  e q u i p m e n t /  
s y s t e m s  a s  wel l  a s  p r o g r e s s  i n  e n v i r o n m e n t a l  s c i e n c e :  e c o l o g i c a l  
s u p p o r t  s y s t e m s  h a v e  become a d d r e s s e d  f o r  u s e  i n  the  " e a r t h "  s p a c e  
s t a t i o n !  Some t e c h n o l o g i e s  a c c u m u l a t e d  t h r o u g h  d e v e l o p m e n t  o f  
r e c y c l i n g  e q u i p m e n t / s y s t e m s  c a n  b e  u t i l i z e d  f o r  c o n t r o l l i n g  t h e  
l i f e  s u p p o r t  s y s t e m  i n ' t h e  s p a c e  s t a t i o n .  
The w a t e r  r e c y c l i n g  s y s t e m  f o r  u s e  i n  t h e  s p a c e  s t a t i o n  c a n  b e  
c o m p o s e d  o f  f i l t e r i n g  p r o c e s s e s  f o r  m i d - c l a s s  p u r i f i c a t i o n  o f  
v a t e r  a n d  a  v a p o r a t i o n  p r o c e s s  f o r  h i g h  p u r i f i c a t i o n  o f  p o t a b l e  
w a t e r .  T h i s  c o r r e s p o n d s  t o  n a t u r a l  w a t e r  r e c y c l i n g :  t h e  u n d e r -  
g r o u n d  w a t e r  o r  v e l l  w a t e r  i s  p u r i f i e d  by f i l t e r i n g  t h r o u g h  s a n d s  
a n d  s o i l s ;  w a t e r  f r o m  r i v e r s  o r i g i n a t e s  i n  r a i n v a t e r  w h i c h  i s  
d i s t i l l e d  v a t e r  e v a p o r a t e d  f r o m  t h e  e a r t h  s u r f a c e .  W a t e r  u s e d  i n  
c i t i e s ,  h o w e v e r ,  i s  m a i n l y  a r t i f i c i a l l y  f i l t r a t e d  a n d  t r e a t e d  
v i t h  d i s i n f e c t a n t .  
I n  a p p l y i n g  t h e  w a t e r  r e c y c l i n g  s y s t e m  t o  t h e  s p a c e  s t a t i o n  t h e r e  
a r e  m a n y  t e c h n i c a l  d i f f i c u l t i e s  t h a t  a r i s e  p r i n c i p a l l y  f r o m  t h e  
m i c r o - g r a v i t y  c o n d i t i o n  a n d ,  t h e  c o n s t r u c t i o n  o f  a  c o m p l e t e  r e c y -  
c l i n g  s y s t e m .  T h e  s y s t e m  m u s t  h a v e  t h e  c a p a b i l i t y  o f  p r e v e n t i n g  
t h e  m i x t u r e  o f  g a s e s ,  w h i c h  d e g r a d e s  t h e  s y s t e m  p e r f o r m a n c e .  . , 
T h e  w a t e r  r e c y c l i n g  s y s t e m  f o r  t h e  s p a c e  s t a t i o n  m u s t  b e  b u i l t  b y  
m e a n s  o f  a r t i f i c i a l  t e c h n o l o g y  b e c a u s e  b i o t e c h n o l o g y  s t i l l  
c o n t a i n s  u n k n o w n  f a c t o r s ,  s u c h  a s ,  h a z a r d o u s  e f f e c t s  c a u s e d  u n d e r  
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m i c r o g r a v i t y ,  a n d  i s  l o v e r  i n  c o n t r o l l a b i l i t y  a n d  v e r s a t i l i t y .  
M o r e o v e r ,  l i m i t e d  s p a c e  a n d  l i m i t e d  p o w e r  s u p p l i e d  i n  t h e  s p a c e  
s t a t i o n  r e q u i r e s - s m a l l  s i z e d  a n d  l o w  p o w e r  d i s s i p a t i n g  h a r d w a r e .  
. i  
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O t h e r  c a n d i d a t e  s y s t e m s  f o r  t h e  s p a c e  s t a t i o n  u s e  a r e  s u m m a r i z e d  
b y  H e r r a l a ,  e t  a l . C 1 l  , a n d  i n  J a p a n ' s  CELSS s t u d y ,  a  c o n c e p t u a l  
s t u d y  o n  t h e  w a t e r  r e c y c l i n g  s y s t e m  h a s  b e e n ,  r e p o r t e d L 2 )  L3). I n  
"...I:' ' . . 
o u r  r e p o r t ,  a  can '$ i ,da l t ' e  s y s t e m  c o n f i g u r a t i o n /  o f  t h e  w a t e r  r e c y c l i n g  
' .. w 
.- 
f o r  c r e v  u s a g e  i s  p r e s e n t e d .  T h e  s y s t e m  p r ' e s e n t e d  h e r e  c o n s i s t s  
- 
o f  f i l t r a t i o n  a n d  e v a p o r a t i o n  p r o c e s s e s ,  w i t h  m e m b r a n e s  u s e d  f o r  
b o t h  t y p e s .  E x p e r i m e n t a l  s t u d i e s  o n  t h e  new k e y  t e c h n o l o g y  o f  
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m e m b r a n e  e v a p o r a t i o n ,  ' t h e r m o p e r v a p o r a t i o n '  , u s i n g  a  h y d r o p h o b i c  
m e m b r a n e  a r e  i n t r o d u c e d .  
T h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  i s  , e s s e n t i a l l y ,  f a v o r a b l e  t o  u s e  
i n  t h e  s p a c e  s t a t i o n  b e c a u s e  i t  i n c l u d e s  n o  m o v i n g  p a r t s  i n  t h e  
b a s i c  p r o c e s s .  
2 .  STUDY O N  W A T E R  RECYCLING SYSTEMS 
The amount  of w a t e r s  t r e a t e d  by a  one-man crew i n  t h e  s p a c e  
s t a t i o n  i s  e s t i m a t e d  ' i n  Tab , le  1. The most r e c e n t  membrane 
s e p a r a t i o n  p e r f o r m a n c e  i s  c ' h a r a c t e r i z e d  i n  F i g . 1 .  
T a b l e  1  Water  T r e a t m e n t  p e r  One-Man Crew 
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E x c r e t e d :  . . 
O t h e r  1 , 4 9 7  g / d a y  ( * )  
S h o v e r  10  - 20  Q a  s h o v e r  
( * )  Metabo l i sm e s t i m a t e d  by J a c k s o n  
- 
10; 1 oo'i l000.i lpm l Opm IOOprn Imm . . 
Ions - Large Molecules aParticles I 
- Prote~n, mlcrobes - 
I I 0 I 1 I 
.b 8 $ 3 
.s \3 .U 5' -9 
4 
-r &O 9 A* .ow ,c 4' ?w -2'- sf G-- 4. .C 
*& 
uY ,$- *.E -6- <$ 
F i g .  1  U s e f u l  Ranges  o f  V a r i o u s  S e p a r a t i o n  P r o c e s s e s  
- 
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F i g . 2  s h o w s  o n e  c a n d i d a t e  w a t e r  r e c y c l i n g  s y s t e m ,  t r e a t i n g  s h o w e r  
w a s t e ,  u r i n e ,  a n d  o t h e r  d r a i n a g e  t o  g e t  s h o w e r  w a t e r  a n d  p o t a b l e  
w a t e r .  F i r s t ,  t h e  p r e f i l t e r  ( m i c r o  f i l t r a t i o n ) ,  r e j e c t s  m i s c e l l a -  
n e o u s  p a r t i c l e s  c o n t a i n e d  i n  t h e  s h o w e r  w a s t e  a n d  t h e  u r i n e .  
N e x t  , t h e  u l t r a f i l t r a t i o n  m e m b r a n e  r e j e c t s  o r g a n i c  m a c r o m o l e c u l e s  
a n d  s u s p e n d e d  s o l i d s ,  a n d  t h e  v a r i o u s  s o l v e n t  i o n s  a r e  t h e n  
r e j e c t e d  i n  t h e  r e v e r s e  o s m o s i s  p r o c e s s .  T h e  p r o d u c t  w a t e r  f r o m  
t h e  r e v e r s e  o s m o s i s  m e m b r a n e  i s  f u r t h e r  p u r i f i e d  b y  r e m o v i n g  a  
t r a c e  o f  o r g a n i c  m a t e r i a l s  b y  m e a n s  o f  a c t i v a t e d  c h a c o a l ,  t h e n  i s  
s t o r e d  i n  t h e  u l t r a v i o l e t  s t e r i l i z a t i o n  r e s e r v o i r  t o  b e  s u p p l i e d  
a s  s h o w e r  w a t e r .  A p o r t i o n  o f  t h e  p e r m e a t e  f r o m  t h e  r e v e r s e  
o s m o s i s  m e m b r a n e  m o d u l e  i s  f u r t h e r  p u r i f i e d  b y  t h e  t h e r m o p e r v a p o -  
r a t i o n  p r o c e s s  t o  s u p p l y  f o r  p o t a b l e  w a t e r .  S i n c e t h e  d r a i n  f r o m  
t h e  s h o v e r  r o o m  i n c l u d e s  s u r f a c t a n t s ,  t h e  f e e d  f o r  t h e  t h e r m o p e r -  
v a p o r a t i o n  p r o c e s s  i s  t a k e n  f r o m  t h e  p r o d u c t  w a t e r  f r o m  t h e  
r e v e r s e  o s m o s i s  m e m b r a n e  t o  p r e v e n t  t h e  m e m b r a n e  f r o m  l o s i n g  i t s  
h y d r o p h o b i c  c h a r a c t e r i s t i c .  
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T h i s  a n d  c a n d i d a t e  s y s t e m s  a r e  s h o w n  i n  T a b l e  2 ,  a n d  a r e  c o m p a r e d  
a n d  e v a l u a t e d  i n  T a b l e  3 ( s y s t e m  A i s  t h e  o n e  i n  F i g . 2 ) .  T h e  
w a t e r  r e c o v e r y  of  s y s t e m  A i s  n o t  h i g h  b e c a u s e  t h e  c o n c e n t r a t e  
f r o m  t h e  r e v e r s e  o s m o s i s  m e m b r a n e  i s  e x h a u s t e d  a n d  c a n n o t  b e  
a p p l i e d  a g a i n  i n  t h e  r e c y c l i n g  p r o c e s s .  S y s t e m  B c o n s i s t s  m a i n l y  
o f  t h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  w i t h  a  c r y s t a l l i z e r  f o r  
s e p a r a t i n g  s o l i d s ,  w h i c h  r e s u l t s  i n  t h e  h i g h e s t  r e c o v e r y ,  a l t h o u g h  
i t  h a s t h e  d i s a d v a n t a g e  o f  u s i n g  m o r e  d i s s i p a t i o n  p o w e r  t h a n  t h e  
o t h e r  s y s t e m s .  S i n c e  t h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  c a n  u s e  h e a t  
d i r e c t l y  a s  e v a p o r a t i o n  e n e r g y ,  h e a t  e x h a u s t e d  f r o m  v a r i o u s  
e q u i p m e n t  i n  t h e  s p a c e  s t a t i o n  c a n  b e  u s e d  a s  t h e  h e a t  s o u r c e  a n d  
a  h i g h l y  r e l i a b l e  s y s t e m  i s  e x p e c t e d  o w i n g  t o  t h e  s m a l l e r  n u m b e r  
o f  c o m p o n e n t s .  S y s t e m  C i s  a  m o d i f i e d  c o n f i g u r a t i o n  of  s y s t e m  A ,  
w h i c h  i n c l u d s  t h e  c r y s t a l l i z e r  t o  s e p a r a t e  s o l i d s  f r o m  t h e  
c o n c e n t r a t e ,  a n d  t h e r e f o r e  r e a l i z e s  t h e  h i g h e s t  r e c o v e r y  o f  w a t e r .  
T h e  s e l e c t i o n  o f  s y s t e m  A o r  C d e p e n d s  m a i n l y  o n  p e r m i s s i b l e  p o w e r  
c o n s u m p t i o n .  S y s t e m  A i s  p r e f e r a b l e  f r o m  t h e  v i e w p o i n t  o f  t h e  
l o w  p o w e r  c o n s u m p t i o n  w h i l e  s y s t e m  C i s  v i t h  r e g a r d  t o  c o m p l e t e  
w a t e r  r e c o v e r y .  O n e  p o s s i b l e  t r e a t m e n t  o f  t h e  c o n c e n t r a t e  f r o m  
t h e  m e m b r a n e  p r o c e s s i n g  i s  t o  b e  t r e a t e d  a s  p a r t  o f  t h e  w a s t e  
m a n a g e m e n t  s y s t e m .  
T a b l e  2 .  C a s e  S t u d y  o f  Water R e c y c l i n g  S y s t e m  
r: 
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3. THERHOPERVAPORATION TECHNOLOGY 
3.1 Principle and Features 
The thermopervaporation method, a specialized pervaporation, is 
for membrane separation accompanied vith phase transition. It has, 
hovever, several different features from usual pervaporation, 
since the porous hydrophobic membrane is used as the separation 
membrane. That is, the membrane has highly permeable vater flux 
oving to its large porosity so that the ideal separation speed at 
a practical level is obtainable vith a small temperature 
differential. In other words, since lov-grade energy such as 
exhausted heat can be used as the energy source, an economical 
system is realizable despite the increase in consumed energy 
accompanied by the phase transition. Furthermore, by the 
multiplicative effect of vaporization and membrane separation, the 
separation ratio of solvents is expected to be extremely high, 
over 99.99 8 .  Since the membrane is fabricated, in general, from 
polytetrafluoroethylene (PTFE), it possessses excellent resistence 
to heat, chemicals and pH, compared vith previous reverse osmosis 
membranes. 
Table 4 shows the features of the thermopervaporation method in 
comparison vith the vacuum pervaporation method. The feed coming 
into contact vith the membrane vaporizes at the membrane surface. 
The generated vapor passes through pores of the membrane surface, 
Table 4 Features of Thermopervaporation 
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F i g .  3 M e m b r a n e  S e p a r a t i o n  M o d e l  o f  T h e r m o p e r v a p o r a t i o n  
d i f f u s e s  t o  r e a c h  t h e  c o o l i n g  s u r f a c e ,  w h e r e  i t  i s  c o n d e n s e d .  T h e  
d r i v i n g  f o r c e  o f  t h e  m e m b r a n e  p e r m e a t e  d e p e n d s  o n  t h e  d i f f e r e n t i a l  
b e t w e e n  t h e  v a p o r  c o n t e n t  o n  t h e  m e m b r a n e  s u r f a c e  a n d  t h a t  o n  t h e  
c o o l i n g  s u r f a c e .  T h e  c o n t e n t  d i f f e r e n t i a l  i s  p r o d u c e d  b y  t h e  
t e m p e r a t u r e  d i f f e r e n t i a l  o f  t h e  f e e d  a n d  t h e  p e r m e a t e  a s  s h o w n  i n  
F i g . 3 ,  v h i c h  i l l u s t r a t e s  a  m e m b r a n e  s e p a r a t i o n  m o d e l  o f  t h e r m o -  
p e r v a p o r a t i o n .  T h e r m o p e r v a p o r a t i o n ,  w i t h  i t s  p r i n c i p l e s  a n d  
f e a t u r e s  a s  s t a t e d  a b o v e ,  o f f e r s  v i d e  a p p l i c a t i o n s  s u c h  a s  t h e  
s e a w a t e r  d e s a l t i n g ( ' )  c5), a n d  t h e  c o n c e n t r a t i o n  o f  a c i d s  a n d  
a l k a l i s  , w h i l e  r e s e a r c h  o n  t h e  s e p a r a t i o n  m e c h a n i s m  h a s  
c o n t i n u e d .  (') ('1 I n  t h e  f o l l o w i n g  s e c t i o n s ,  e x p e r i m e n t s  o n  , 
t h e r m o p e r v a p o r a t i o n  a r e  d e s c r i b e d .  
3 . 2  E x p e r i m e n t a l  M e t h o d  
- 
F i g . 4  s h o w s  t h e  f l o w  o f  t h e  e x p e r i m e n t a l '  s y s t e m .  T h e  m e m b r a n e  
s e p a r a t i o n  c e l l  i s  c o m p o s e d  o f  a n  e v a p o r a t i o n  r o o m ,  a c o n d e n s a t i o n  
r o o m ,  a n d  a  c o o l i n g  r o o m  i n  a  l i b e r  s t r u c t u r e  u s i n g  t h e  h y d r o -  
p h o b i c  m e m b r a n e  a n d  t h e  c ' b o l i n g  s u r f a c e .  T h e  h y d r o p h o b i c  m e m b r a n e  
u s e d  i s  f a b r i c a t e d  o f  PTFE ( N i t t o  E l e c t r i c  I n d u s t r i a l  C o . ,  L t d . )  
w i t h  a  m e a n  p o r e  s i z e  o f  0 . 0 5  - 2 . 0  pm a n d  a n  e f f e c t i v e  m e m b r a n e  
a r e a  o f  1 4 8 X 1 0 ' 2  m 2  ( T a b l e  5 ) .  T h e  f e e d  i s  h e a t e d  t o  a  s p e c i f i e d  
t e m p e r a t u r e  a n d  s e n t  t o  t h e  e v a p o r a t i o n  r o o m  by  t h e  f e e d  pump.  
T h e  c o o l i n g  water, which i s  c o o l e d  a t  a s p e c i f i e d  t e m p e r a t u r e ,  i s  
c i r c u l a t e d  b y  t h e  c o o l i n g  w a t e r  pump.  T h e  s t e a m ,  w h i c h  i s  
C O N D E N S A T I O N  
ROOM 
E V A P O R A T I O N  
H Y D R O P H O B I C  C O O L I N G  
P O R O U S  S U R F A C E  
MEMBRANE 
H E A T E R  
F i g .  4 Exper imenta l  Flow 
Table  5 P o r o s i t y  o f  P T F E  Membrane ( a )  
( * )  F a b r i c a t e d  by N i t t o  E l e c t r i c  I n d u s t r i a l  C o . ,  L t d .  
POROSITY 
0 .  8 4  
0 .  7 2  
0 .  6 4  
PORE SIZE ( p  m) 
2 .  0 0  
0 .  1 5  
0 .  0 5  
M E M B R A N E  THICKNESS 
( p m )  
8 3 
7 0 
8 9 
e v a p o r a t e d  o n  t h e  i n n e r  s u r f a c e  o f  t h e  m e m b r a n e  i n  t h e  e v a p o r a t i o n  
r o o m  a n d  p a s s e d  t h r o u g h  t h e  m e m b r a n e ,  i s  c o n d e n s e d  o n  t h e  c o o l i n g  
s u r f a c e  a n d  t h e n  c o l l e c t e d  i n  a  b e a k e r  f o r  m e a s u r e m e n t .  
T h e  e x p e r i m e n t a l  s t u d y  was p e r f o r m e d  u n d e r  t h e  f o l l o w i n g  
c o n d i t i o n s  f o r  c o n f i r m i n g  t h e  s t e a m  p e r m e a t i o n  m e c h a n i s m  o f  t h e  
t h e r m o p e r v a p o r a t i o n  m e t h o d  a n d  c l a r i f y  f a c t o r s  a f f e c t i n g  t h e  
m e m b r a n e  s e p a r a t i o n  p e r f o r m a n c e :  
(1)  T e m p e r a t u r e  o f  f e e d :  3 0  - 6 0  "C 
( 2 )  T e m p e r a t u r e  o f  c o o l i n g  w a t e r :  7 "C 
( 3 )  M e m b r a n e  p o r e  s i z e :  0 . 0 5  - 2 . 0  pm 
( 4 )  G a p  b e t w e e n  m e m b r a n e  a n d  c o o l i n g  s u r f a c e :  0 . 8  - 2 5 . 3  m m  
3 . 3  E x p e r i m e n t a l  R e s u l t s  
3 . 3 . 1  P e r m e a t i o n  p e r f o r m a n c e  a n d  w a t e r  q u a l i t y  
F i g . 5  s h o w s  t h e  s e p a r a t i o n  c h a r a c t e r i s t i c  o f  t h e  N a C l  a q u e o u s  
s o l u t i o n  a n d  t h e  water q u a l i t y  o f  o b t a i n e d  p e r m e a t e  r e p r e s e n t e d  
b y  t h e  e l e c t r i c  c o n d u c t i v i t y .  T h e  p e r m e a t e  water f l u x  Q i s  
p r o p o r t i o n a l  t o  t h e  s a t u r a t e d  v a p o r  p r e s s u r e  d i f f e r e n t i a l  A P 
b e t w e e n  t h e  f e e d  a n d  t h e  c o o l e d  p e r m e a t e  w a t e r .  T h e  v a t e r  q u a l i t y  
of  t h e  p e r m e a t e  i s  b e l o w  5  p S / a n ,  i n d e p e n d e n t  of  t h e  v a p o r  
p r e s s u r e ,  c o m p a r e d  w i t h  t h e  f e e d  e l e c t r i c  c o n d u c t i v i t y  o f  4 9  m S / c m ,  
)r 
J I+ I 
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Fig. 5 Separation Characteristic of Water Quality of NaCl Aqueous 
Solution When Permeated through Thermopervaporation 
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the product vater being ultrapure vith the saline rejection of 
over 99.99 8 .  
3 . 3 . 2  Effect of gap betveen membrane and cooling surface 
Fig.6 shows the relationship of the vapor pressure differential 
A P and the permeate flux Q ,  vhen the gap Z betveen the 
membrane and the cooling surface is varied. With any gap size the 
permeate flux is proportional to the vapor pressure differential 
vith a tendency similar to that in Fig. 3: vith gaps of less than 
5.3 mm the permeate flux increases as the gap becomes small, and 
vith gaps of more than 1 0 . 3  mm the permeateflux demonstrates 
almost no change. We have determined that the permeate mechanism 
changes vith a gap around 5 mm. 
3 . 3 . 3  Investigation of permeate mechanism 
Using the experimental data in Fig.6, the relation of the gap Z 
and the permeation factor K vas obtained as shovn in Fig.7, where 
the permeation factor 'K is defined by Eq. (1).  
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As a result, vith gaps below 5 m m  the permeation factor is 
proportional to the minus first order of the gap, and the 
permeation factor shifts off the line of the,.,minus first order and 
then becomes constant vith gaps over 5 mm. In other vords, the 
permeation factor is inversely proportional to gaps less than 5 m m  
but is not influenced vith gaps more than 5 mm. From this, it is 
deduced that vith gaps less than 5 mm, the permeate water flux 
depends on the steam diffusion in the condensation room, and vith 
gaps more than 5 mm, on the natural convection produced in the 
condensation room to cause the vapor transfer. 
With gaps below 5 mm, ve computed the quantity of the steam 
diffusing in the condensation room by -using the diffusion equation. 
Since air in the condensation room can be postulated to be 
stationary, ve can treat it as unilateral diffusion. 
The steam travel speed Q ' can be represented as: 
1 - 
D O %  
Q ' =  A P ,  
R T Z  Pair 
where D is the diffusion coefficient (m2/da.y),- a the total 
- 
pressure (mmHg), T the mean temperature (OK), and Pair the 
logarithmic mean partial air pressure (mmHg),. 
C o n s e q u e n t l y ,  t h e  p e r m e a t i o n  f a c t o r  K i s  e x p r e s s e d  a s  : 
R T Z  p a i r  
U s i n g  p a r a m e t e r s  u n d e r *  t h e  p r e s e n t  c o n d i t i o n ,  9 q . ( 3 )  i s  s i m p l y  : 
m o d i f i e d  i n t o :  ., 
1 
I n  t h i s  m o d i f i c a t i o n ,  t h e  t e m p e r a t u r e  d e p e n d e n c y .  o f  t h e  d i f f u s i o n  
c o e f f i c i e n t  D i s  o b t a i n e d  a m s  E q . ( 5 )  b y  p l o t t i n g  t h e  r e s u 1 t ~ ~ ~ ) o f -  
" .  E.N.  F u l l e r ,  e t  a l .  - 
v h e r e  D ' i s  t h e  d i f f u s i o n  c o e f f i c i e n t  ( c m 2 / s e c ) ,  a n d  T ' t h e  
t e m p e r a t u r e  ( "C ) .  
-- 
T h e  s o l i d  l i n e  i n  F i g . 5  s h o v s  t h e  c a l c u l a t e d  r e l a t i o n  ( E q . ( 4 ) )  o f  
t h e  g a p  a n d  t h e  p e r m e a t i o n  f a c t o r .  F r o m  t h i s ,  v e  f o u n d  t h a t  a  
c l o s e  a g r e e m e n t  b e t w e e ' n  E q . ( 4 )  a n d  e x p e r i m e n t a l  r e s u l t s  v i t h  g a p s  
l e s s  t h a n  5  m m  a n d  t h e  p e r m e a t i o n  f a c t o r ,  n a m e l y  t h e  p e r m e a t e  
w a t e r  f l u x ,  a g r e e s  v i t h  t h e d $ i f f u s i n g  s team q u a n t i t y  i n  t h e  
c o n d e n s a t i o n  r o o m .  
From the results of the thermopervaporation experiment that was 
carried out on the ground as stated above, we can conclude that 
while the mass transfer of the steam is determined by the natural 
convection in the condensation room with gaps above 5 mm, it is 
determined by the steam diffusion speed in the condensation room 
with gaps less than 5 mm. 
From this experimental data, the permeate flux Q is expressed as: 
Q OC A 'H,O 
2 6  1 '  = + R T  DM=' D~ 
MEMBRANE GASEOUS 
RESISTANCE RESISTANCE 
where A P HzO = ( P Hz~)H  - ( P H,O)C is the vapor pressure 
differential, R the gas constant, T the temperature, Z the 
membrane thickness, D H  the diffusion coefficient in the membrane, 
E the membrane porosity, 6 the boundary layer thickness, and DG 
the diffusion coefficient of gaseous phase, as shown in Fig.3. 
However, since it is paid that the natural convection, in general, 
does not occur under zero gravity, the permeation dominated by the 
steam diffusion should be expected irrespective of the gap between 
t h e  m e m b r a n e  a n d  t h e  c o o l i n g  s u r f a c e  i n  t h e  c o n d e n s a t i o n  r o o m .  As 
a  r e s u l t ,  w i t h  g a p s  m o r e  t h a n  5 m m ,  e f f i c i e n c y  of  t h e  e v a p o r a t i o n  
u s i n g  t h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  i n  s p a c e  b e c o m e s  l o w e r  t h a n  
i n  t h e  g r o u n d ,  b e c a u s e  t h e  p e r m e a t i o n  f a c t o r  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  g a p  a s  e x p r e s s e d  i n  E q . ( 4 ) .  
4 .  CONCLUSIONS 
T h e  r e s t r i c t e d  u t i l i t y  r e s o u r c e s  u s a b l e  i n  t h e  s p a c e  s t a t i o n  
d e m a n d  o n  c o m p a c t  h a r d w a r e  a n d  low c o n s u m p t i o n  p o w e r  a s  wel l  a s  
r e l i a b i l i t y .  I f  a  s h o w e r  s y s t e m  w i t h  l o w  water u t i l i z a t i o n  i n  t h e  
s p a c e  s t a t i o n  c a n  b e  d e v e l o p e d ,  c o m p a c t  a n d  l o w  p o w e r  c o n s u m i n g  
e q u i p m e n t  c a n  b e  e a s i l y  c o n s t r u c t e d .  
T h e  t h e r m o p e r v a p o r a t i o n  m e t h o d  e n a b l e s  t h e  u s e  o f  l o w  q u a l i t y  
e n e r g y ,  s u c h  a s  e x h a u s t e d  h e a t  f r o m  o t h e r  e q u i p m e n t ,  a s  t h e  
e v a p o r a t i o n  e n e r g y .  T h u s ,  o n e  p o s s i b i l i t y  i s  t o  u s e  e x h a u s t e d  
h e a t  f r o m  t h e  g a s  r e c y c l e  e q u i p m e n t  w h i c h  may  b e  i n s t a l l e d  n e x t  t o  
t h e  w a t e r  r e c y c l i n g  e q u i p m e n t .  T h e  s e r i a l  o p e r a t i o n  o f  e a c h  s t e p  
of  m e m b r a n e  p r o c e s s i n g ,  l i k e  i n t e r l o c k  c i r c u i t s ,  r e d u c e s  t h e  
o p e r a t i n g  p e a k  p o w e r ,  w h i c h  i s  s u i t a b l e  f o r  a d h e r i n g  t o  s a f e t y  
r e q u i r e m e n t s .  
A n o t h e r  water  r e c y c l i n g  s y s t e m ( ' ' )  t o  b e  a p p l i e d  t o  t h e  J a p a n ' s  
e x p e r i m e n t a l  m o d u l e  w i l l  b e  u s e d  f o r  l i f e  s c i e n c e  e x p e r i m e n t s .  
The system scale is similar to that presented here, but with a 
relatively different configuration due to the different 
constituents which contain no surfactants. The system 
configuration presented here is usable for Japan's experimental 
module. 
An experimental study on thermopervaporation was made on the 
ground. In this experiment, the condensation room in the 
thermopervaporation cell is filled vith air, but as an alternate 
application for space, the condensation room contains only steam 
to avoid mixture with air during the post process. Moreover, 
there are still many factors to be developed: a degasing process, 
thermal efficiency for low power consumption, reliable small pumps, 
separation of concentrate, cleaning of contaminated membrane, 
maintenance, etc. 
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